Introduction
The widespread dependence of our society on fossil fuels and the impending depletion of carbon-based reserves have triggered the search for renewable and cleanH -based energy. [1, 2] Earth-abundant transition metalss uch as cobalt, nickel, and iron have attracted attention owing to their ability to generate H 2 . [3] [4] [5] [6] Among thesem etals, cobalt is particularly relevant because of its affordable redox potentials betweent he 3d 6 Co III , 3d 7 Co II ,a nd 3d 8 Co I states. The catalytically active monovalent speciesc an be stabilized and yield the doubly-oxidized cobalt/ hydride intermediate Co III 
ÀH
À ,w hich is pivotalf or H + reduction to H 2 after reduction to am ore reactive Co II 
À . [7] [8] [9] [10] [11] Known cobalt catalysts follow either aheterolytic or ahomolytic pathway. [9, 12, 13] The former mechanism relies on as ingle Co III 
À or aC o II ÀH À [14, 15] reacting with another H + and is favored if the concentration of protons is not limiting. The latter involves the collisiono ft wo Co III 
À moieties from independent molecules. [16] Enhanced activity is expected from some binuclear analogues of monometallic catalysts in which close proximity between two Co centers triggers cooperativity either by facilitatingh omolytic pathways [17] or by enabling electron transfer between the metallicc enters, thus avoiding formation of aC o III ÀH À species. Cooperativee ffects have been proposed by Dinolfoa nd coworkers [18] for ab inuclear Co II catalyst in ab icompartmental Robson/Okawa-type [N 6 O 2 ]m acrocycle [19] with aC o ÀCo distance of 3.22 ,w hereas Gray and co-workers [20, 21] evaluated oxime-based Co III catalysts with both flexible hydrocarbon and rigid BO 4 bridgest hat revealed no significant catalytic enhancement. Similarly,t he lack of cooperativity observed in dicobaltc omplexes featuring pyrazolato bridges [16, 22] was attributed either to the large distance of 3.95 between the Co centers or to the flexibility of the ligand.T od ate it is unclear what factors control metal cooperativity in protonr eduction, and this lack of understanding prevents am ore rational design of Co 2 catalysts. Continuing our long-standingi nterest in the mechanisms of H 2 generation by Co catalysts, [23] [24] [25] [26] we hypothesize that cooperativity will be dependent on 1) the distance betweent he Co centers, 2) the relative topology of the coordination environments, and 3) the degree of orientation and overlap between redox-active orbitals. To evaluate this hypothesis, we analyzed the catalytic potential of the bimetallic complex [Co II 2 (L 1 )(bpy) 2 ]ClO 4 (1), [27] in which ( L   1   ) 3À is the triply deprotonated ligand showni nF igure 1a,b ym eans of electrochemical, spectroscopic, and computational methods. Complex 1 is au nique bimetallic species singularly suited for this study because of the short distance between the two vicinal Co centers along with the presence of aC o ÀN arylamido ÀCo unit that may foster the propero rientationo fC oo rbitals involved in catalysis. Our resultsi ndicate that the two Co centers of complex 1 function cooperatively in the electrocatalytic reduction of H + ,t hus offeringaviable mechanistic alternative to homolytic and heterolytic pathways employedb ym ononuclear Co catalysts. [27] The UV/Vis spectrum of 1 was recorded in CH 3 CN ( Figure 2 ). The catalyst presentsayellowish brown color owing to the presence of intensei ntraligand charge transfers (ILCTs). The initial spectrum shows bands below 320 nm tentatively attributed to s* ! s and p* ! s ILCT processes, whereas the shoulders around3 43 and 452 nm are attributed to low-intensity p-p*t ransitions typical of distorted environments. [27] Electrocatalytic H + + reduction
To study the possibility of 1 as ac atalyst for the reduction of H + to H 2 ,w ei nvestigated the electrochemical response of 1 in anhydrous CH 3 CN by using ag lassy carbon working electrode with increasing concentrationso fa cetic acid (HOAc, pK a = 22.3 in CH 3 CN) as the proton source. [28] The standard reduction potentialo fH + in CH 3 CN, E8 ðH þ =H 2 Þ was determinedb yo pen-circuit potential measurements as À0.028 AE 0.008 V( vs. Fc + /Fc). [29] Unders tandard conditions, E8 Fc + /Fc) for HOAc;h owever,h igh concentrations can afford homoconjugation, leading to an incremental acidity and increasing the standard reduction potential. [29, 30] As shown in Figure 3 ]c ore is antiferromagnetically coupled to provide as inglet (S = 0) ground state. [27] For simplicity,t he tBu groups on the phenolates are replaced by methyl groups. [31] The resultsf or relevant speciesa re shown in Figure 4a sc presenceo ft he monovalents pecies B was confirmed experimentally by UV/Vis spectroscopy by chemically reducing as ample of [Co II Co II ]( 1)w ith 2equiv of KC 8 under inert atmosphere. The resulting spectrumi ss hown in Figure 2b and displays bands typical of previously reported Co I species;b ased on similarities to the spectrum of the Co II -containing species, the band at 285 nm is attributedt oI LCT processes.B ands at 344, 409,a nd 700-900 nm are comparable to those observed for aC o I tetraaza-macrocyclicc atalyst [32] and associated with d-d bands. In an octahedral Co I bis(pyridine-2,6-diimine) complex these broad bands are attributedt od -p*c harge-transfer processes, [33] whereas several shoulders at 500-600 nm are characteristic for the presence of radical species. Similar shoulders were observedf or B between 450 and 650 nm, thus suggesting that ligand reduction mayh ave occurred to some extent.T oa scertain experimentally the overpotential at which 1 shows electrocatalytic activity,aseries of 2min bulk electrolyses (BE) were performed at applied potentials ranging between À0.7 and À1.6 V( vs. Ag/AgCl). The experiment was performed in an airtight H-type cell by using aH g-pool working electrode, Ag/AgCla sr eference, and aP t-coil auxiliary electrode placed in an adjacent compartments eparated by af rit. The main chamber was filled with catalyst 1,T BAPF 6 (TBA = tetrabutylammonium)e lectrolyte solution,a nd HOAc in 20 mL CH 3 CN. The auxiliary chamber was filled with the electrolyte solution only.F igure 5a illustrates the total chargec onsumed by 1 in the presence of acid duringB E; charge consumption remainedc onstantupt oÀ1.4 V(vs. Ag/AgCl),a fter which it increaseds ignificantly until À1.6 V( vs. Ag/AgCl), concomitant with evolution of H 2 gas, as confirmed by GC. Figure 5b shows ap lot of charge consumed versus appliedp otential. The graph indicates that the onset potential for catalysis is À1.4 V( vs. Ag/AgCl).
This onset potentiali sc omparable to that of the mononuclear cobalt polypyridyl catalystr ecently published by Verani and co-workers [24] and investigated under similar conditions that enable comparison. The plot of current versus concentration of HOAc at ap otential of À2.08 V( vs. Fc + /Fc) is provided in Figure 6 . The measured currenti ncreases linearly with the concentration of HOAc, whereas negligible current increasei s observed in absence of 1.A na pparent overpotential of 0.63 V was calculated assuming homoconjugation (E Fc þ =Fc AcOH in CH 3 CN = À1.23 V), and ar ate of H 2 generation [30] (k obs )o f 6.33 s À1 resulted. Ac hargec onsumption plot over 3his shown in Figure 7 . The slight curvature observed within the first 10 min is typical for proton reduction and tentatively associated with solvent dissociation. [25] The amount of H 2 produced over the same period of time was determined by BE as already discussed, by using 100 equiv of acid at an applied potential of À1.6 V( vs. Ag/AgCl).
As ample of the headspace gas (100 mL) was injected into aG Ct oq uantify the amount of H 2 produced and repeated in triplicate. Ac alibration curve ( Figure S1 in the Supporting Information)w as used to standardize the calculations. An average amount of 0.072 mmol H 2 was calculated after background correction, which is associated with at urnover number (TON) of 18, equivalent to approximately4 0% conversion rate. The Faradaic efficiency (FE) was calculated at 94 %f rom the maximum chargec onsumed. BE experimentsw ere performed under similar conditions as described above by using an incremental concentrationo fa cid, leading to an increasei nt he calculated TONs. Accordingly,t he use of 200 equiv of acid led to aT ON of 75, whereas 300equivl ed to aT ON of 97. In both cases the Faradaic efficiencyr emained consistenta t> 90 %. As expected, because the concentration of acid was no longer al imitingf actor,h igh yields were observed and the use of 400 equiv of acid led to the highest TON of 120 with an associated drop in FE to approximately8 5%.
The charge versus time plots for these experimentsa re shown in FiguresS2-S4 in the Supporting Information;w hereas the first two graphss how an almost linear behavior in which the initial laggingo bserved in Figure6 almostd isappears, the plot with 400 equiv shows slightly increaseda ctivity after the first 10 min followed by adecrease after approximately 2.5 h, which is likely related to slow degradation of the catalyst under such acidic conditions. Considering the near-linearity of the graph in FigureS3, the system seems optimized in the presence of 200 equivo fa cid. Comparison of activity with other reported bimetallic species [16, 18, 20, 34] is hampered by the lack of information on directly measured TONs. However, simple assessment of our system (without considering variables such as proton sourcea nd appliedp otential) reveals that the TON, rate of conversion, and Faradaic efficiency values comparefavorably with monocobalt catalysts. [23, 24] Fate of catalyst1
The post-catalysiss pectrum shown in Figure 2c (Figure 2a) , thus attestingt ot he catalytic nature of 1 along with ad ecrease of approximately 10 %i nt he UV bands and of 2% in the 450 nm band. This small discrepancy is explained by slow percolation of the solution betweent he chambers and through the frit of the electrochemical cell. Alternatively,afraction of the catalyst may be deactivated, and evaluation of ag rafoil sheet electrode was performed by scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) analysis to assesst he possibilityo fn anoparticle formation ( Figure S5 in the SupportingI nformation). Notwithstanding evidencef or formation of organic nanoparticles, no Co was detected on the surface of the electrode. Thus, UV/Vis, SEM, and EDX analyses support the presence of ac atalystt hat is molecular in nature.
Mechanism of H + + reduction
The proposed catalytic mechanism of H + reduction is shown in Figure 8 . ( Figure 8a nd Figure S6 in the Supporting Information). The hydridem oiety is bound more tightly to one of the Co II ions, rather than symmetrically bridged between the two centers. The shortest Co
II -H
À distance is calculated at 1.54 ,w hereas the other distance has ac omputed value of 1.85 .I ti sn oteworthy that the cooperativity between both centers in species B leads to C, [ 
ÀH
À unit that favorably accepts another H + and releases H 2 .P ost-catalytic SEM and EDX analyses support the molecular nature of the catalyst.T herefore, the observations resulting from this work lead to considerations on how to optimize topology and orbital overlap to promote the use of an eighboring metal center as electron reservoir.T hese factors will become pivotali nt he development of new and improved bimetallic catalysts.
Experimental Section Materials and methods
Reagents were used without further purification as purchased from commercial sources. UV/Vis spectra were obtained using aS himadzu UV-3600 spectrophotometer.C omplex 1 was obtained by dissolving the ligand H 3 L 1 (0.066 g, 0.10 mmol), 2,2'-bipyridine (bpy, 0.032 g, 0.20 mmol), and Co(ClO 4 ) 2 ·6 H 2 O( 0.073 g, 0.2 mmol) in a1 :1 mixture of CH 3 CN and CH 2 Cl 2 (10 mL). Ad etailed synthetic protocol and characterizations have been described recently. [27] Redox studies
The electrochemical behavior of 1 was investigated with aB AS 50W potentiostat/galvanostat. CVs were obtained at room temperature in CH 3 CN containing 0.1 m TBAPF 6 as the supporting electrolyte under argon atmosphere. The electrochemical cell employed three electrodes:g lassy-carbon (working), platinum wire (auxiliary), and Ag/AgCl (reference). The Fc + /Fc redox couple [E o = 401 mV vs. normal hydrogen electrode (NHE)] was used as internal standard. BE was performed in ac ustom-made air-tight H-type cell under inert conditions according to ap rocedure reported by Verani and co-workers. [24] The cell was comprised of two compartments separated by af rit. On one side of the frit were placed the Hg-pool working and Ag/AgCl reference electrodes, whereas ac oiled 30.5 cm Pt wire serving as the auxiliary electrode was placed in the other compartment. BE experiments were performed in CH 3 CN (20 mL) with TBAPF 6 as the supporting electrolyte until the calculated final charges were reached. All potentials were measured vs. Ag/AgCl. During BE, potentials were controlled with aBAS 50W potentiometer,a nd UV/Vis spectra were collected on aS himadzu UV-3600 UV/Vis-NIR spectrophotometer at room temperature.
Computational studies
Electronic structure calculations were performed using the BPW91 density functional [37, 38] as implemented in ad evelopment version of Gaussian. [39] The SDD basis set and effective core potential [40] were used for Co atoms, and the 6-31G(d,p) basis set [41, 42] was used for the other atoms. To streamline calculations, as lightly modified model was used in which the tert-butyl substituents of complex 1 were replaced by methyl groups. Geometry optimization was performed in the gas phase, and all optimized structures were confirmed as minima by harmonic vibrational frequency calculations. The energies of the optimized structures were reevaluated by additional single-point calculations on each optimized geometry in CH 3 CN by using the implicit SMD solvation model. [43] The converged wave functions in solvent were tested for self-consistent field (SCF) stability.T he free energy in solution phase G(sol) was calculated as follows: G(sol) = E SCF (sol) + [zero-point energy(ZPE) + thermal correctionÀTS](gas). E SCF was calculated in the solvent, whereas ZPE, thermal correction, and entropic contributions were calculated in the gas phase. The standard states of 1 m concentration were considered for all reactants and products for calculating the free energies of reactions [DG(sol)].T he spin-density plots (isovalue = 0.004 a.u.) and corresponding orbitals [44] (isovalue = 0.05 a.u.) of the calculated structures were visualized with GaussView. [45] The literature value [46] of À264.6 kcal mol À1 was used for the free energy of ap roton in CH 3 CN. The calculation of the reduction potentials (E, V in Volt) of the complexes included ZPE, thermal correction, and entropic contribution. The standard thermodynamic equation DG(sol) = ÀnFE was used. The calculated potentials were referenced to av alue of E 1/2 = 4.38 Vf or the Fc + /Fc couple calculated under our level of theory. scribed [24] in an H-type cell (Hg-pool;A g/AgCl j Pt-coil). The main chamber was filled with catalyst 1 (0.005 g, 4 10 À6 mol), and the TBAPF 6 electrolyte (1.56 g) and acetic acid (0.024 g, 4 10 À4 mol, 100 equiv) were dissolved in CH 3 CN (20 mL). The small chamber housing the auxiliary electrode was filled with TBAPF 6 (0.390 g) in CH 3 CN (5 mL). In at ypical test, the cell was purged for 20 min followed by sampling the head space gas with aG ow-Mac 400 GC equipped with at hermal conductivity detector and a2 .4 m 0.31 cm 5 molecular-sieve column operating at at emperature of 60 8C. The amount of H 2 produced was determined by GC with ac alibration curve obtained with known volumes of 99.999 + %H 2 gas and shown in Figure S1 in the Supporting Information (see the Supporting Information for sample data and relevant calculations obtained from experiments). Ac atalyst-free solution was electrolyzed for 3h and analyzed by GC to provide ab lank. The cell was then purged again, and the catalyst was added. Electrolysis ensued for 3h,a nd the headspace with H 2 gas was analyzed. The TON was then calculated after background subtraction as the ratio between mol H 2 produced per mol catalyst. The FE was calculated from the GC measurements.
